Although bipolar jets are seen emerging from a wide variety of astrophysical systems, the issue of their formation and morphology beyond their launching is still under study. Our scaled laboratory experiments, representative of young stellar object outflows, reveal that stable and narrow collimation of the entire flow can result from the presence of a poloidal magnetic field whose strength is consistent with observations. The laboratory plasma becomes focused with an interior cavity. This gives rise to a standing conical shock from which the jet emerges. Following simulations of the process at the full astrophysical scale, we conclude that it can also explain recently discovered x-ray emission features observed in low-density regions at the base of protostellar jets, such as the well-studied jet HH 154.
N arrow bipolar jets are often spectacular and are commonly observed in the universe along the axis of rotation of varied objects, such as young stellar objects (YSOs) surrounded by an accretion disk. Jets are also thought to play a key role in the evolution of these objects. Hence, understanding their formation is key to understanding the mass, energy, and angular momentum redistribution between the dense core and the parent cloud. Once formed, these jets can continue ballistically over large distances (1) . However, it is important to know how the narrow jet forms and what its characteristics are. The accepted standard model (2, 3) of matter extraction and launching involves a poloidal magnetic field anchored in the disk. Here, poloidal means generally axial with respect to the jet flow, as opposed to the toroidal component that winds around the jet. In the model, matter is magneto-centrifugally accelerated into wide-angle conical winds (4) . As the magnetic field lines become twisted by the inertia of the initially corotating plasma, the toroidal component of the magnetic field leads to self-collimation of the wind. Nonetheless, this process alone cannot explain collimation of the flow into narrow, jetlike form. First, self-collimation cannot account for the confinement of the whole outflow structure. Indeed, the winds in these models formally extend to infinity and cannot explain the observed jet widths (5) . Furthermore, jets dominated by a toroidal magnetic field are prone to current and pressure-driven instabilities, which can disrupt the jet (6). Efforts to improve the model have led to studies of truncated disk winds where, to collimate the flow, the whole outflow structure has to rely on the thermal pressure of a surrounding medium (7), the presence of which has yet to be established.
Alternatively, outflow confinement by a largescale poloidal magnetic field (8) has been explored in numerical simulations (9) . Although evidence for such fields near the jet source is mostly indirect so far (10), they are well established on larger scales (11) and observed to be aligned (within~35°) with the bipolar outflow axes of YSOs. These earlier numerical studies showed that such poloidal fields could convert ejected matter from being weakly collimated to streamlined. However, the simulations lacked a proper treatment of plasma cooling and were constrained by computing limitations to simulate the flow over only small distances from the source. More recently, we revisited the poloidal confinement scenario using large-scale, high-resolution three-dimensional (3D) magnetohydrodynamic (MHD) simulations (12) , which included cooling, and we showed that the whole outflow could be constrained. Notably, we predicted a particular morphology for the outflow with a shock-bounded cavity followed by a narrow jet. Such a mechanism does not exclude magneto-centrifugal self-collimation: Even if poloidal collimation can act on its own, it can also be complementary to self-collimation by stabilizing and further collimating the jets produced by the latter.
We report here on scaled laboratory experiments that exploit coupling of a high-amplitude and large-scale magnetic field to high-velocity plasma flows, to create conditions representative of a YSO. Our measurements conclusively demonstrate that stable jets can indeed be collimated from a wide-angle star/disk wind embedded in a coaligned, large-scale poloidal magnetic field. This is notably obtained without having to rely on the collimation by an external medium. We also show that the stable collimation of the whole flow into a narrow jet can be obtained even in the case of an angular offset (up to 40°) between the magnetic field and the outflow axis. The transition (Fig. 1A) from a divergent to a narrowly collimated flow results from the plasma being redirected toward the axis by a shock structure, which is induced by the compression of the magnetic field lines under the action of the expanding plasma. Consequently, a standing conical shock feature forms at the converging point where the plasma becomes reheated. We performed full-scale astrophysical simulations of an isotropic wind embedded in a large-scale magnetic field under conditions typical of YSOs, which appear consistent with the laboratory observations. By calculating the x-ray emission from the simulated plasma, we determine that the shock-focused region generates an x-ray source whose luminosity and location are in agreement with the Chandra observations of the puzzling x-ray emission from HH 154, one of the best-studied astrophysical jets emerging from a YSO (13) .
The laboratory plasma, mimicking a YSO flow, is produced by short (0.5-ns), high-power laser irradiation of massive solid (plastic) targets (see methods). The plasma is a highly conductive and superfast-magnetosonic flow. The plasma is thermally launched from a region on the target on the order of the laser spot diameter (0.75 mm), and this wide-angle flow is, as it is in a YSO, initially dominated by its kinetic energy. The scaling between the laboratory plasma and a YSO outflow allows us also to scale a time span of 20 ns 16 in the laboratory to an equivalent~6 years in the natural environment, during which it propagates over~600 astronomical units (AU). Hence, even over short time scales (<100 ns), the experiment has the ability to sample the stationary morphology of an astrophysical outflow. Toroidal magnetic fields, which are self-generated in the plasma outflow owing to crossed density and temperature gradients (14) , have a low amplitude in our study, because of the low laser intensity that we used (see methods). At the same time, they are limited to zones close (<0.5 mm) to the target surface and thus are not able to confine the flow beyond that (Fig. 1D ): The plasma then freely expands at a wide angle. In short, this experimental configuration mimics well the expansion of one hemisphere of a naturally occurring YSO spherical wind that emerges at large distances from the disk, where acceleration is complete and gravitational effects are unimportant.
A steady (i.e., with duration >5 ms) and homogeneous axial magnetic field can be applied to the laboratory plasma (see methods). The magnetic field extends over a large volume (3 cm in length and 1 cm in diameter) with a strength of up to 0.4 MG (15). The plasma flow in this case is well approximated by ideal MHD (16), ensuring its relevance as a scaled astrophysical plasma. Indeed, the dimensionless Reynolds (Re), magnetic Reynolds (ReM), and Peclet (Pe) numbers are much larger than unity (Re~10 4 to 10 5 ; ReM~50; Pe~3 to 5). This implies that the advective transport of momentum, magnetic field, and thermal energy dominates over diffusive transport, as expected in a YSO outflow. The strength of the magnetic field in which the plasma is embedded is much larger than in the astrophysical environment (on the order of milligauss) (10) , to compensate for the shortness of the space and the time scales of the experiment. This means that the ratio of the plasma's kinetic ram pressure to magnetic pressure will transition from >>1 to <<1 over a few millimeters, while it does the same over a few tens of astronomical units in a YSO.
The typical morphology of our laboratory plasma, when applying the axial magnetic field to it, is shown in Fig. 1B . We present a measurement of the integrated electron density along the line of sight of the expanding plasma obtained through transverse optical laser probing. The axial magnetic field has a profound effect on the collimation of the laser-produced plasma flow, thus leading to the emergence of a narrow jet with an aspect ratio of >10 that is maintained over the entire homogeneous magnetic field region with little variation in density. Such tight collimation is also observed when imaging the x-ray emission in the kilo-electronvolt range originating from the plasma (see methods) and is in excellent agreement with our earlier MHD numerical investigations (12) . We emphasize that even laser experiments specifically designed to produce jets from radiatively cooled, unmagnetized plasmas do not exhibit such morphology and have in fact much lower aspect ratios (17-19) . The mechanism leading to the tight magnetic collimation of the plasma plume is illustrated in Fig. 1, C and D . We also present 3D resistive MHD numerical simulations using the parameters of the experiment ( Fig. 2; see methods) . When the laboratory plasma expands in the presence of a magnetic field (Fig. 1C) , one clearly observes the formation of a converging cavity with an outer shell of higher electron density. We stress that neither the cavity nor the jet is observed when no magnetic field is applied (Fig. 1D) plasma in a fast-mode oblique shock generated by the external magnetic field halting the radial expansion of the flow. Because the plasma is of high temperature and has a superfast-magnetosonic expansion speed (200 to 500 km/s, similar to the outflow velocity measured in YSO), the magnetic field lines are bent and compressed past this shocked envelope (Fig. 2) .
The expanding plasma from the target is refracted across this oblique shock and slides along the walls of the cavity, which has been curved toward the axis by the magnetic forces. When the flow reaches a convergence point, it stagnates and forms a conical shock, which focuses the flow along the polar axis and generates a narrow jet ahead of the convergence point. This convergence of plasma toward the axis (at z 3 mm) is visible in the experimental images (Fig. 1, B and C) , and our simulations reveal that the plasma becomes heated to~70 eV by this shock. When applying the external magnetic field, substantial plasma heating (compared to what is observed in the freely expanding plasma) is also seen by our spectrally resolved diagnostic that images the x-ray emission (see methods) (20) . This mechanism of jet formation is similar to astrophysical models of hydrodynamic collimation of a wind by the inertia of a dense, toruslike circumstellar envelope (21) . However, we demonstrate here that it can operate even in the absence of a surrounding medium.
The overall jet-formation process illustrated here for a particular set of laser and target conditions was repeatable and effective over a wide variety of different experimental conditions. The jets were always found to be in agreement with MHD modeling, hence validating the physical mechanism described above. Notably, when the laser intensity on the target was increased, we could increase the kinetic pressure at the target surface. This produced a wider cavity and moved the shock convergence region further away along the jet axis. Similarly, we could also move the distance of the shock with respect to the plasma source by varying the magnetic field strength. Contrary to what takes place in the experiment, if the deposition of energy was continuous, the location of the shock convergence region of the jet would be stationary. Finally, when we tilted the target and likewise the axis of the plasma expansion with respect to the magnetic field axis, we still observed the cavity formation and plasma focusing on-axis, even for angular offsets up to 40°, showing that the mechanism is robust.
We find the same morphology of the wind tightly focusing into a convergence point and forming a jet in the same direction in full-scale ) of the carbon plasma along the x-z plane. The arrows represent velocity vectors, and the lines represent the magnetic field. The black contour line shows plasma heated to a temperature above 70 eV. (C) X-ray emission image of HH154 as detected by the Chandra telescope. The color map ranges from white (no emission) to red. The stationary emission feature that is the brightest zone in the image, and that is located~60 to 80 AU away from the star (located by the red dot at the tip of the green arrow), has a luminosity and a distance to the source that is consistent with the simulated bright region located at 70 AU in (B).
astrophysical simulations ( Fig. 3A; see methods) , performed with mass-ejection rates (22) and magnetic field strengths (10) typical of YSOs. We further verified that the range of density and temperature conditions found along the jet implies that the material within covers the full range of ionization fraction, with most of the jet part being only weakly ionized, consistent with observations (23) . We see the principal dynamics and features of the laboratory flows also in the simulation results, which support the scalability of the laboratory experiment. We varied the wind and field parameters extensively with detailed numerical simulations to verify that the poloidal-field-induced jet collimation mechanism was a very robust process. An interesting outcome of our study is that typical YSOs should then have a stationary region of shock-heated plasma that forms within a few tens to 100 AU from the wind source (see Fig. 3A ). This numerical prediction can be directly compared to the analysis of observations made over more than one decade using x-ray satellites that have revealed (see Fig. 3C ) bright sources of stationary x-ray emission zones located at the base of jets (~100 AU from the source) emerging from a YSO (24) (25) (26) and distinct from it. They have not been explained so far by self-collimation models of jet formation but are still consistent with the process revealed here (Fig. 3B) .
We have therefore proposed a simple and plausible scenario for the collimation of a narrow stable jet past its launching phase (1, 2) that is consistent with recent astrophysical observations (10, 24, 25) . In addition to helping to advance the understanding of jet-core interaction in YSOs, our work enables studying and/or modeling important aspects of jet physics in the laboratory. These include, e.g., transverse instabilities that can affect the jet structure, or episodic ejections, i.e., multicomponent and time-dependent interacting winds, which can be easily simulated in the laboratory by using multiple laser pulses separated by a few nanoseconds. Producing such magnetized narrow plasma columns and letting them strike a solid will also uniquely allow the study of plasma dynamics in accretion columns in young stars; that is, one can model magnetic arches that are loaded with disk material that free-falls toward the star. Beyond these aspects, adapting the present experimental work to other configurations will permit advances in resolving pending questions about a wide range of astrophysical and plasma physics systems where magnetic fields are thought to play an important role.
